The association between cigarette smoking and inflammation is well known. However, the biological mechanisms behind the association are not fully understood, particularly the role of DNA methylation, which is known to be affected by smoking. Using 2-step epigenetic Mendelian randomization, we investigated the role of DNA methylation in the association between cigarette smoking and inflammation. In 822 African Americans from the Genetic Epidemiology Network of Arteriopathy, phase 2 (Jackson, Mississippi; 2000 , study population, we examined the association of cigarette smoking with DNA methylation using single nucleotide polymorphisms identified in previous genome-wide association studies of cigarette smoking. We then investigated the association of DNA methylation with levels of inflammatory markers using cis-methylation quantitative trait loci single nucleotide polymorphisms. We found that current smoking status was associated with the DNA methylation levels (M values) of cg03636183 in the coagulation factor II (thrombin) receptor-like 3 gene (F2RL3) (M = −0.64, 95% confidence interval (CI): −0.84, −0.45) and of cg19859270 in the G protein-coupled receptor 15 gene (GPR15) (M = −0.21, 95% CI: −0.27, −0.15). The DNA methylation levels of cg03636183 in F2RL3 were associated with interleukin-18 concentration (−0.11 pg/mL, 95% CI: −0.19, −0.04). These combined negative effects suggest that cigarette smoking increases interleukin-18 levels through the decrease in DNA methylation levels of cg03636183 in F2RL3.
Initially submitted March 24, 2016 ; accepted for publication January 17, 2017 .
The association between cigarette smoking and inflammation is well known. However, the biological mechanisms behind the association are not fully understood, particularly the role of DNA methylation, which is known to be affected by smoking. Using 2-step epigenetic Mendelian randomization, we investigated the role of DNA methylation in the association between cigarette smoking and inflammation. In 822 African Americans from the Genetic Epidemiology Network of Arteriopathy, phase 2 (Jackson, Mississippi; [2000] [2001] [2002] [2003] [2004] [2005] , study population, we examined the association of cigarette smoking with DNA methylation using single nucleotide polymorphisms identified in previous genome-wide association studies of cigarette smoking. We then investigated the association of DNA methylation with levels of inflammatory markers using cis-methylation quantitative trait loci single nucleotide polymorphisms. We found that current smoking status was associated with the DNA methylation levels (M values) of cg03636183 in the coagulation factor II (thrombin) receptor-like 3 gene (F2RL3) (M = −0.64, 95% confidence interval (CI): −0.84, −0. 45) and of cg19859270 in the G protein-coupled receptor 15 gene (GPR15) (M = −0.21, 95% CI: −0.27, −0.15). The DNA methylation levels of cg03636183 in F2RL3 were associated with interleukin-18 concentration (−0.11 pg/mL, 95% CI: −0.19, −0.04). These combined negative effects suggest that cigarette smoking increases interleukin-18 levels through the decrease in DNA methylation levels of cg03636183 in F2RL3. cigarette smoking; DNA methylation; inflammation; Mendelian randomization Abbreviations: CI, confidence interval; CpG, cytosine-phosphate-guanine; CRP, C-reactive protein; F2RL3, coagulation factor II (thrombin) receptor-like 3 gene; GENOA, Genetic Epidemiology Network of Arteriopathy; GPR15, G protein-coupled receptor 15 gene; GRS, genetic risk score; GWAS, genome-wide association study(ies); IL-6, interleukin-6; IL-18, interleukin-18; MR, Mendelian randomization; SD, standard deviation; SNP, single nucleotide polymorphism.
Cigarette smoking is a risk factor for many diseases, including cancer, pulmonary diseases, and cardiovascular diseases (1, 2) . Inflammatory responses have been suggested as one of the mechanisms behind smoking-induced disease risks (3) . Serum C-reactive protein (CRP) and fibrinogen concentrations are markers of inflammation. The production of serum CRP is stimulated by the proinflammatory cytokine interleukin-6 (IL-6) (4). The synthesis of IL-6 is promoted by interleukin-18 (IL-18) (5) . Cigarette smoking has been associated with elevated levels of inflammatory markers (6) , including serum CRP and fibrinogen (7, 8) .
Recently, epigenetics has received more attention in environmental epidemiology because of the plasticity and responsiveness of epigenetic modifications to environmental changes (9) . DNA methylation is one of the most studied epigenetic mechanisms that regulate levels of gene expression (10) . DNA methylation mostly occurs at cytosine-phosphate-guanine (CpG) sites of DNA, and levels of DNA methylation in gene promoter regions are often inversely associated with gene expression levels (11) . DNA methylation plays an important role in embryonic development (12) , cell differentiation (13) , and X chromosome inactivation (14) .
Several epigenome-wide association studies have identified CpG sites at which DNA methylation levels are associated with cigarette smoking (15) (16) (17) (18) (19) (20) . In particular, Dogan et al. (18) showed that long-term cigarette smoking is associated with changes in DNA methylation levels in the promoter regions of genes involved in inflammation, immune function, and coagulation. For example, methylation levels of the CpG sites in the coagulation factor II (thrombin) receptor-like 3 gene (F2RL3) have been consistently associated with cigarette smoking (15, 17, 20) . Among African Americans in the Genetic Epidemiology Network of Arteriopathy (GENOA) Study, Sun et al. (20) identified 15 CpG sites that were associated with current smoking status, and findings for 5 of those 15 CpG sites were replicated in an independent study of 262 African Americans in the Grady Trauma Project. However, researchers in the previous study did not provide information on the direction of the associations and did not investigate whether DNA methylation plays a role in cigarette smoking-induced inflammatory responses (20) .
The Mendelian randomization (MR) approach is an instrumental-variable analysis that uses a genetic marker as an instrument (21) . This approach enables us to examine the causal relationship in observational studies and is less vulnerable to confounding and reverse causation (22, 23) . In general, a genetic allele would not be changed by other factors (except somatic mutations in cancer cells). Hence, use of a genetic marker as an instrument is less likely to be affected by confounding. In addition, we can evaluate the direction of the association from one variable to the other (24) . The 2-step epigenetic MR approach is an extension of MR that allows us to study the causal role of DNA methylation in the association between an environmental exposure and a health-related outcome (25) .
In this study, we hypothesized that cigarette smoking induces changes in DNA methylation levels that result in changes in inflammatory responses. We utilized the 2-step epigenetic MR approach to examine the association of cigarette smoking with DNA methylation using single nucleotide polymorphisms (SNPs) identified in previous genome-wide association studies (GWAS) of cigarette smoking and a genetic risk score (GRS) integrating those SNPs (26) . We then investigated the association of DNA methylation with levels of inflammatory markers using cis-methylation quantitative trait loci SNPs and a GRS (Figure 1) .
METHODS

Study population
The GENOA Study was established by the National Heart, Lung, and Blood Institute in 1995 as part of the Family Blood Pressure Program (27) . The African-American cohort of GENOA is from Jackson, Mississippi (28) . In phase 1 of the GENOA Study (1995) (1996) (1997) (1998) (1999) (2000) , 1,854 subjects who were members of 683 sibships with at least 2 individuals diagnosed with essential hypertension before age 60 years were recruited. In phase 2 (2000-2005), 1,482 of the initial subjects returned. Study visits were made in the morning after an overnight fast. Data on demographic factors, medical history, clinical characteristics, and lifestyle factors were collected, and blood samples were taken. Written informed consent was obtained from all subjects, and approval was granted by participating institutional review boards.
Genotypes
Using blood samples collected in phase 1 of the GENOA Study, genotype data were obtained by means of the Affymetrix Genome-Wide Human SNP Array 6.0 platform (Affymetrix, Inc., Santa Clara, California). Samples that failed to provide genotype data from the platform were genotyped with the Illumina Human 1M-Duo, 660-Quad, or 610-Quad BeadChips array (Illumina, Inc., San Diego, California). Quality control was performed based on the following exclusion criteria: <95% SNP call rate, <1% minor allele frequency, and <95% sample call rate. Since GENOA is a family-based study, HardyWeinberg equilibrium was not used for quality control.
The genotype data were prephased using the Segmented HAPlotype Estimation and Imputation Tool (SHAPEIT), version 2 (29) . Imputation was performed using IMPUTE, version 2 (30, 31) , and reference panels from the 1000 Genomes Project phase 1 integrated variant set release (version 3) in National Center for Biotechnology Information build 37 (hg19; Genome Reference Consortium GRCh37) coordinates (32, 33). Outlier samples from principal component analyses (>6 standard deviations) and monomorphic markers were excluded. After quality control, there were 30,022,375 imputed SNPs available for 1,599 study subjects. 
Inflammation
Step 2 Figure 1 . A 2-step epigenetic Mendelian randomization approach to the study of relationships between cigarette smoking, methylation, and inflammation. Rectangular dark boxes represent variables of interest at each step, and light boxes represent variables of interest at the other step. Solid dark arrows indicate the directed association of interest at each step, and dashed gray arrows indicate the directed association of interest at the other step. Single nucleotide polymorphism (SNP) S is an instrument SNP or a genetic risk score for smoking, and SNP C is an instrument SNP or a genetic risk score for methylation levels.
DNA methylation
DNA methylation levels were measured from peripheral blood leukocytes isolated from blood samples collected in phase 2 of the GENOA Study. The EZ DNA Methylation Gold Kit (Zymo Research, Orange, California) was used for bisulfite conversion. The methylation assay was performed at the Mayo Clinic Advanced Genomics Technology Center using Illumina Infinium HumanMethylation27 BeadChips (Illumina, Inc.) and the Illumina BeadXpress reader (Illumina, Inc.). Seven samples with poor bisulfite conversion efficiency (intensity <4,000) and 28 samples with poor background signals were excluded. The R package "lumi" (R Foundation for Statistical Computing, Vienna, Austria) (34) was used for background adjustment, color balance adjustment, and quantile normalization. The methylated and unmethylated intensities for each CpG site were used to calculate a β value,
max Methylated Intensity, 0 max Unmethylated Intensity, 0 max Methylated Intensity, 0 100
, and an M value,
where max() is a function that returns the larger value (35) . We used the M value of DNA methylation levels because the β value has a bounded range from 0 to 1 that violates the Gaussian distribution assumption (35) . Thirty samples were removed because more than 5% of probes had a detection P value greater than 0.01. The detection P value for CpG locus j is given by
, where I j is the sum of intensities from the cyanine (Cy) dyes Cy3 and Cy5 (or bead A and bead B for Infinium I), whereas μ neg and σ neg are the mean value and standard deviation of signals of internal negative controls and Φ(.) is the normal cumulative probability distribution function (36) . A total of 1,130 probes were removed due to a detection P value greater than 0.01 in more than 5% of samples. After quality control, there were 26,448 CpG sites measured for 943 subjects. DNA methylation is a mechanism that differentiates cells (13) . Therefore, the proportion of different cell types could affect measurements of DNA methylation. Cell proportions for CD8 T lymphocytes, CD4 T lymphocytes, natural killer cells, B cells, monocytes, and granulocytes were estimated using the method of Houseman et al. (37) and added as covariates.
For DNA methylation, 96 samples were assayed in a single plate. To reduce technical batch effects, the plate information was added as a covariate.
Our study had potential for confounding due to population stratification. To minimize this confounding effect, we computed 4 SNP-based principal components and adjusted for them in the analysis (38) .
Smoking variables
Information on cigarette smoking was collected in both phase 1 and phase 2 of the GENOA Study. Participants were asked the following smoking-related questions: 1) "Do you now smoke cigarettes?"; 2) "Have you smoked more than 100 cigarettes in your entire life?"; 3) "On average, how many cigarettes per day do/did you usually smoke?"; 4) "In what year or how old were you when you first started smoking?"; and 5) "In what year or how old were you when you last quit smoking?".
To be consistent with the previous smoking epigenome-wide association study in GENOA (20) , a current smoker was defined as an individual who had smoked within the past year, based on the answers to questions 1, 2, and 5. For example, a person who was not currently smoking ("no" to question 1) but had smoked more than 100 cigarettes in their lifetime ("yes" to question 2) and had quit smoking within the past year (question 5) was classified as a current smoker. An "ever smoker" was defined as anyone who had ever smoked more than 100 cigarettes, based on the answers to question 2.
Inflammatory markers
Levels of inflammatory markers were measured from fasting blood samples obtained during phase 2 of the GENOA Study. CRP levels were measured by means of a highly sensitive immunoturbidimetric assay (39) . IL-6 and IL-18 were measured with a 6-plex enzyme-linked immunosorbent assay using a contracted service with SearchLight Technologies (Boston, Massachusetts). Fibrinogen level was measured from citrated plasma using the clotting time-based Clauss method (40) . More details on the inflammatory markers have been given previously (41) . Data for CRP, IL-6, and IL-18 were log-transformed to reduce skewness.
2-step epigenetic MR
Previously in GENOA, 15 CpG sites were associated with cigarette smoking, findings for 5 of which were replicated in an independent study (20) : cg03636183 in F2RL3, cg19859270 in the G protein-coupled receptor 15 gene (GPR15), cg13668129 in the heterogeneous nuclear ribonucleoprotein U-like 1 gene (HNRPUL1), cg01500140 in the lens intrinsic membrane protein 2 gene (LIM2), and cg11314684 in the AKT serine/threonine kinase 3 gene (AKT3). We reevaluated the associations to identify CpG sites that are causally associated with cigarette smoking. Further, we investigated the role of DNA methylation of the identified CpG sites in the association between cigarette smoking and inflammation using the 2-step epigenetic MR approach ( Figure 1 ) (25) .
Step 1 MR. In step 1, we used previously identified GWAS SNPs associated with cigarette smoking as an instrument for the MR approach to reevaluate the associations between cigarette smoking and the DNA methylation levels of the 5 CpG sites (step 1 in Figure 1 ). The 210 SNPs that had been identified in the 3 previous GWAS of cigarette smoking in African Americans or in multiethnic populations (42-44) (see Web Table 1 , available at https://academic.oup.com/aje) were tested for the assumptions of the MR approach (Web Appendices 1 and 2) (21). We constructed a GRS composed of the SNPs that satisfied the assumptions and were not in linkage disequilibrium with one another (r 2 < 0.3). Using each of the SNPs or the GRS as an instrument, we implemented the step 1 MR approach by conducting 2-stage least-squares regression with adjustment for age, sex, plate, 4 principal components, 5 cell proportions, and random intercepts for family (Web Appendices 1 and 2).
In addition to current smoking status, we evaluated the effect of ever smoking status.
Step 2 MR. In step 2, we examined the association of DNA methylation with levels of inflammatory markers using the MR approach (step 2 in Figure 1 ). The best candidates for the instrument SNP associated with DNA methylation levels may be SNPs found in methylation quantitative trait loci studies, which identify SNPs associated with DNA methylation levels. To identify appropriate candidates for instrument SNPs, we reviewed studies that identified SNPs associated with the DNA methylation levels of the CpG sites and investigated cis-methylation quantitative trait loci within 10 kilobases of the genes where the CpG sites were located. The candidate SNPs were tested for the assumptions of the MR approach (SNP C in Figure 1 ; Web Appendices 1 and 2). We also constructed a GRS using the instrument SNPs in step 2. Using each of the identified SNPs or the GRS as an instrument, we implemented the MR approach by running 2-stage least-squares regression with adjustment for age, sex, plate, 4 principal components, 5 cell proportions, and random intercepts for family. To conduct the analysis, we used SAS 9.4 (SAS Institute, Inc., Cary, North Carolina) and the R package "nlme."
RESULTS
Descriptive statistics
Out of 943 subjects with methylation data, 121 did not have available SNP information and were excluded, resulting in the inclusion of 822 GENOA African Americans in the analysis. The mean age of participants was 66.6 years (standard deviation (SD), 7.5), and 72% (n = 592) of the population were women. In this study population, 13% (n = 104) were current smokers and 42% (29% + 13%) were ever smokers (Table 1) . Among ever smokers, the average number of cigarettes smoked per day was 15.1 (SD, 11.8), and the average number of pack-years of smoking was 25.1 (SD, 21.7). Current cigarette smoking status was significantly associated with log(CRP), log(IL-6), and fibrinogen levels and was marginally associated with log(IL-18) levels after adjustment for age and sex (Web Table 2 ).
Step 1 MR: smoking→DNA methylation
In the previous epigenome-wide association study in GENOA, the DNA methylation levels of 5 CpG sites were associated with current cigarette smoking status and replicated (20) . In the current study, we reevaluated the associations using previously identified GWAS SNPs associated with cigarette smoking as an instrument for the MR approach (step 1 in Figure 1 ; Web Table 1 ) (42-44). The previous GWAS SNPs were checked for the assumptions of the MR approach, and the SNPs satisfying the assumptions were used for the analyses (Web Appendices 1 and 2).
Current smoking status was associated with decreases in the DNA methylation levels (M values) of cg03636183 in the (Table 2) . Each additional coded allele (T) of rs4074134 was associated with a 0.40-unit increase in the log odds of current smoking (Web Table 3 Table 2 ). The GRS used is defined in Table 2 and Web Appendix 2. The other 3 of the 5 CpGs investigated were not significantly associated with current smoking status (Web Table 4 ).
Using rs9920506 as an instrument, we found that ever smoking was also associated with decreases in the DNA methylation levels of cg03636183 in F2RL3 (M = −0.62, 95% CI: −0.82, −0.41) and of cg19859270 in GPR15 (M = −0.22, 95% CI: −0.29, −0.16) (Table 3) , as well as a GRS. The GRS is defined in Table 3 and Web Appendix 2. As a sensitivity analysis, we ran the MR analyses using different GWAS SNPs each time. We observed consistent results with variations in effect sizes. Abbreviations: CD4, cluster of differentiation 4; CD8, cluster of differentiation 8; GENOA, Genetic Epidemiology Network of Arteriopathy; SD, standard deviation.
Step 2 MR: DNA methylation→inflammation
In step 1 MR, we observed the associations of current and ever smoking with the DNA methylation levels of cg03636183 in F2RL3 and cg19859270 in GPR15. We further investigated the associations of DNA methylation levels of cg03636183 and cg19859270 with the inflammatory markers CRP, IL-6, IL-18, and fibrinogen (step 2 in Figure 1 ). We did not find an appropriate instrument SNP for cg19859270; hence, we conducted step 2 MR only for cg03636183 (Web Appendices 1 and 2).
In a study carried out in the HapMap Yoruba (Africans) samples, Bell et al. (45) found that rs2227341 was associated with the DNA methylation levels of cg03636183 (http://eqtl. uchicago.edu/Methylation/cis-meQTL.results). This SNP also satisfied the assumptions of the MR approach (F = 480) (Web Table 5 ). Using rs2227341 as an instrument, we found that the DNA methylation level of cg03636183 in F2RL3 was associated with log(IL-18) levels (−0.11 pg/mL, 95% CI: −0.19, −0.04) ( Table 4 ). Combining step 1 and step 2 MR results, each additional coded allele of rs4074134 for current smokers was associated with a 0.26-unit decrease in the DNA methylation level (M value) of cg03636183 (0.40 × (−0.64) = 0.26) (Web Table 3,  Table 2 ), which resulted in a 3% (e −0.11×(−0.26) = 1.03, 95% Abbreviations: BDNF-AS, brain-derived neurotrophic factor antisense RNA; CHRNA3, cholinergic receptor, nicotinic α 3; CI, confidence interval; F2RL3, coagulation factor II (thrombin) receptor-like 3; GENOA, Genetic Epidemiology Network of Arteriopathy; GPR15, G protein-coupled receptor 15; GRS, genetic risk score; HYKK, hydroxylysine kinase; IREB2, iron-responsive element binding protein 2; PSMA4, proteasome subunit α 4; SNP, single nucleotide polymorphism.
a The instrument SNPs were identified in previous genome-wide association studies of cigarette smoking in an independent cohort and satisfied the assumptions of Mendelian randomization in GENOA.
b β coefficient for the exposure (current smoking status) in the second stage of 2-stage least-squares regression analysis. In all models, results were adjusted for age, sex, plate, 4 principal components, 5 cell proportions, and random intercepts for family.
c Missing data for the Mendelian randomization results because of the violation of assumption 2.
. When the coded allele was negatively associated with current smoking status, we coded for the other allele by subtracting the allele dosage from 2.
CI: 1, 5) increase in serum IL-18 levels (Table 4) . In other words, as the log odds of current smoking increased by 1, the DNA methylation level (M value) of cg03636183 decreased by 0.64, which resulted in a 7% (e −0.11×(−0.64) = 1.07, 95% CI: 3, 13) increase in serum IL-18 levels.
For sensitivity analyses, we sought additional instrument SNPs, investigating nearby SNPs that are strongly associated with the DNA methylation levels of cg03636183, and checked the SNPs for the assumptions of the MR approach (Web Appendices 1 and 2). We identified nearby SNPs that satisfied the assumption of MR for cg03636183 (Web Table 5 ). The SNP rs2227341 was also identified in the Yoruba study (45) . In addition, we constructed a GRS, which is defined in Table 4 and Web Appendix 2. In sensitivity analyses using other nearby SNPs and the GRS as an instrument, we observed consistent results with variations in effect sizes. In sensitivity analyses using β values of DNA methylation levels instead of M values, we obtained a similar finding (Web Tables 6-8 ).
Additionally, we checked associations between step 1 and step 2 instruments and the instrumented exposures and outcomes (Web Table 9 ), and we compared descriptive statistics between compliers and noncompliers (Web Table 10 ). Given lifelong tendencies in smoking habits and the cross-sectional nature of our study design, we cannot fully rule out the possibility of reverse causation. However, differences in step 1 SNP genotypes between former smokers and current smokers (Web Table 11 ) suggested that it is less likely that there is a path from instrument SNPs for current smoking to the outcome through former smoking. Our data suggested that the effect of cigarette smoking due to nicotine-related genes on inflammation and mediation by cg03636183 may be causal.
DISCUSSION
Cigarette smoking is known to induce inflammation (46) ; however, the biological mechanisms behind the association Abbreviations: ADAM, a disintegrin and metalloproteinase; ADAMTS7, ADAM metallopeptidase with thrombospondin type 1 motif 7; CHRNB4, cholinergic receptor, nicotinic β 4; CI, confidence interval; F2RL3, coagulation factor II (thrombin) receptor-like 3; GENOA, Genetic Epidemiology Network of Arteriopathy; GPR15, G protein-coupled receptor 15; GRS, genetic risk score; LOC105370913, uncharacterized LOC105370913; SNP, single nucleotide polymorphism.
b β coefficient for the exposure (ever smoking status) in the second stage of 2-stage least-squares regression analysis. In all models, results were adjusted for age, sex, plate, 4 principal components, 5 cell proportions, and random intercepts for family.
c Missing data for the Mendelian randomization results because of the violation of assumption 2. d GRS = [rs9920506 + rs4887077 + rs12286]/3. When the coded allele was negatively associated with ever smoking status, we coded for the other allele by subtracting the allele dosage from 2.
are not fully understood. DNA methylation is known to be affected by cigarette smoking (47) . To our knowledge, however, no study to date has investigated the role of DNA methylation in smoking-induced inflammation. We investigated the role of DNA methylation in the association between cigarette smoking and inflammation using the 2-step epigenetic MR approach (25) in GENOA African Americans. Our findings suggest that cigarette smoking may increase serum IL-18 levels through a decrease in the DNA methylation levels of cg03636183 in the F2RL3 gene.
In the present study, each additional coded allele of rs4074134, which was used as an instrument for current smokers, was associated with a 3% increase in IL-18 concentration that is mediated by the DNA methylation level of cg03636183. Homozygous coded allele carriers, as compared with those without a coded allele, would be expected to have 6% higher IL-18 levels through cg03636183. Using 1-step MR investigating the association of cigarette smoking with serum IL-18 concentration, each additional coded allele of rs4074134 used as an instrument for current smokers was associated with a 3.5% increase in IL-18 level. Therefore, approximately 3% of the 3.5% difference in IL-18 concentration between current smokers and former/never smokers is explained by the DNA methylation levels of cg03636183. Using a conventional mediation analysis, serum IL-18 concentration was 13% higher in current smokers than in former/never smokers in GENOA, which is similar to the results of another study (48) . This 13% difference drops to 2% with adjustment for cg03636183 (data not shown). The effect size (13 − 2 = 11%) from conventional analysis may not be directly comparable to the 3% from the 2-step MR, which is based on rs4074134 and is free of confounding and reverse causation.
We found an association of cg03636183 in the F2RL3 gene with IL-18 but not with other inflammatory markers. This may be explained by the unique characteristics of IL-18 as a cytokine that enhances cell-mediated cytotoxicity and both T helper 1 (proinflammatory) and T helper 2 (antiinflammatory) immune responses (49) . As an upstream biomarker of inflammation, IL-18 promotes the synthesis of IL-6 (5), which stimulates the production of CRP (4) . In GENOA, the correlations Abbreviations: CI, confidence interval; CPAMD8, C3 and PZP-like, α-2-macroglobulin domain containing 8; CRP, C-reactive protein; F2RL3, coagulation factor II (thrombin) receptor-like 3; GENOA, Genetic Epidemiology Network of Arteriopathy; GRS, genetic risk score; IL-6, interleukin-6; IL-18, interleukin-18; PZP, pregnancy zone protein; SIN3B, SIN3 transcription regulator family member B; SNP, single nucleotide polymorphism.
a Because results for log(CRP), log(IL-6), and fibrinogen were not statistically significant, P values are not presented. b All of the instrument SNPs were located within 10 kilobases of the F2RL3 gene and satisfied the assumptions of Mendelian randomization in GENOA.
c β coefficient for the exposure (cg03636183) in the second stage of 2-stage least-squares regression analysis. In all models, results were adjusted for age, sex, plate, 4 principal components, 5 cell proportions, and random intercepts for family.
d A SNP identified as a methylation quantitative trait locus for cg03636183 in an independent cohort and in GENOA. e Missing data for the Mendelian randomization results because of the violation of assumption 2. ). In addition, a previous study in mice and humans demonstrated that IL-18 plays an important role in the pathogenesis of cigarette smoking-induced pulmonary emphysema and inflammation (50) . Even though we did not find an association of cg03636183 with the other inflammatory markers, other CpG sites could have an association with other inflammatory markers. Thus, extended study of the associations of other CpGs with inflammation is warranted.
The 2-step epigenetic MR approach enabled us to identify the CpG sites involved in the association between an environmental exposure and an outcome. However, this approach relies on the assumption that the instrument SNP affects the outcome only through the exposure. Yet often a gene or a SNP has associations with different phenotypes (51) . Additional paths from the instrument SNP to an outcome can potentially introduce biases into the estimates. We reduced the possibility of violation of the assumption by excluding SNPs that were significantly associated with potential confounders between the exposure and the outcome and SNPs with a significant effect on the outcome through other paths (Web Appendices 1 and 2). We investigated the exclusion restriction assumption in several ways; however, the exclusion restriction assumption cannot be exhaustively tested empirically and must be justified conceptually. Hence, the assumption might not be satisfied. The MR approach also assumes a linear relationship between variables. However, nonlinear relationships are commonly found in epidemiologic studies (52) ; hence, we might have missed nonlinear relationships. In spite of these limitations, when applied carefully, the 2-step epigenetic MR approach may expand our understanding of the role of DNA methylation in disease development and provide information on the biological mechanisms behind it.
One limitation of our study could be the small number of current smokers. Smoking status is likely to be affected by disease conditions; hence, there were relatively few current smokers in this elderly population with a high prevalence of hypertension. In addition, differential survivorship may also have influenced our findings, as selection of older individuals into the study may have been influenced by genetic factors and/or smoking behaviors. To avoid false findings, we applied the MR approach using all of the smoking GWAS SNPs that satisfied the assumptions and demonstrated consistent results across the use of diverse instrument SNPs. We also investigated ever smoking status and obtained similar results. These consistent findings across diverse instrument SNPs and the GRS and smoking measures increase the reliability of our results. Given the crosssectional nature of the present study, reverse causation cannot be ruled out. For example, current DNA methylation levels could be influenced by previous IL-18 levels, which could be a result of past smoking and/or past DNA methylation levels. In addition, our study may not have fully eliminated potential ancestry effects, despite adjustment for 4 principal components.
The gene of interest in this study, F2RL3, has been associated with multiple other adverse health outcomes, including platelet activation and perioperative myocardial injury, postinfectious irritable bowel syndrome, and gastric cancer (53) (54) (55) . IL-18 has been found to play a role in autoimmune disease, diabetes, atherosclerosis, myocardial infarction, coronary heart disease, heart failure, and cardiovascular death (5, (56) (57) (58) (59) (60) (61) . Elevated serum IL-18 level has been associated with the development of type 2 diabetes (62) and with atherosclerosis and renal dysfunction in type 2 diabetes patients (63, 64) . In addition, Mallat et al. (58) found that serum IL-18 levels were substantially higher in patients with ischemic or nonischemic cardiomyopathy than in those without chronic heart failure. Median levels of serum IL-18 were also substantially higher in patients who died than in survivors (58) . Thus, further study of the health-related effects of DNA methylation levels in the F2RL3 gene is warranted.
In conclusion, we investigated the role of DNA methylation in the association between smoking and inflammation to shed light on biological processes that occur through DNA methylation. Our findings suggest that DNA methylation levels play a role in cigarette smoking-induced inflammation.
